Abstract. Epizootic strains of Venezuelan equine encephalitis virus (VEEV) cause epidemics by exploiting equines as highly efficient amplification hosts for mosquito transmission. Although phylogenetic studies indicate that epizootic VEEV strains emerge via mutation from enzootic progenitors that are incapable of efficient equine amplification, the molecular mechanism(s) involved remain enigmatic. The convergent evolution of E2 envelope glycoprotein mutations suggests that they are critical to VEEV emergence, but little is known about the role of non-envelope genes. We used the guinea pig, the small animal model that best predicts the ability to generate equine viremia, to assess the role of envelope versus other mutations in the epizootic phenotype. Using reciprocal chimeric viruses generated by swapping the envelope genes of closely related epizootic IC and enzootic ID strains, infections of guinea pigs demonstrated that envelope and non-envelope genes and sequences both contributed to virulence. However, early replication in lymphoid tissues appeared to be primarily envelope dependent.
INTRODUCTION
As a member of the Alphavirus genus in the Togaviridae family, Venezuelan equine encephalitis virus (VEEV) is an enveloped virus with a non-segmented, positive-sense RNA genome of approximately 11.5 kb containing a 5Ј methylguanylate cap and a 3Ј polyadenylate tail. 1 The viral genome is translated by cellular components upon arrival in the cytoplasm. 2 The 5Ј two-thirds of the genome encode four nonstructural proteins (nsP1-4) that form a protein complex required for viral replication and the 3Ј one-third of the genome, expressed from a 26S subgenomic message, encodes three structural proteins, the capsid and E2 and E1 envelope glycoproteins 2 that are involved in packaging of the viral genome and envelopment to produce infectious viral particles.
Alphaviruses in the VEE antigenic complex 3 are classified as epidemic/epizootic, equine-virulent strains isolated during epidemics and equine epizootics (subtypes IAB, IC), or enzootic (subtypes ID-IF, II-VI), equine-avirulent strains that circulate continuously among rodents in sylvatic habitats and only occasionally cause human disease. Periodic VEE outbreaks, primarily in Latin America, have involved up to hundreds of thousands of humans and equines. Recent outbreaks in South America 4, 5 and Mexico 6 emphasize the continuing role of VEEV as a re-emerging human and equine pathogen, and the potential use of VEEV as a biologic weapon has recently received renewed attention. 7, 8 Major VEEV epidemics have always been associated with the ability of epizootic strains (subtypes IAB and IC) to exploit equines as highly efficient amplifying hosts. [9] [10] [11] Following infection with these epizootic VEEV strains, horses, donkeys, and mules develop high-titered viremia associated with lymphopenia/leukopenia, which leads to central nervous system invasion and fatal encephalitis (neurologic) disease in 19-83% of the cases. 12, 13 In contrast to epizootic strains, enzootic VEEV is rarely associated with clinical disease in equines and produces low-level or undetectable equine viremia, which is generally insufficient for efficient infection of mosquito vectors. 14 Following infection with both enzootic and epizootic VEEV, humans experience acute febrile illness that sometimes progresses to clinical encephalitis including disorientation, ataxia, mental depression, and convulsions in up to 14% of clinically ill individuals, especially children. 10 Neurologic sequelae following VEE are also common in children and have been described in rats. 15, 16 The pathogenesis of VEEV appears to be determined by multiple factors that include the structure of the E2 envelope glycoprotein spikes on the surface of virions and the ability to replicate in specific tissues. [17] [18] [19] However, little information is available about the role of non-E2 genes in VEEV pathogenesis and their potential to influence virulence of natural isolates, either in vitro or in vivo. 19, 20 Considering its multifaceted importance, improved understanding of VEEV biology, particularly the role of the replicative nonstructural proteins in pathogenesis, is critical.
The combination of reverse genetics approaches and the identification of closely related enzootic (subtype ID) and epizootic (subtype IC) VEEV strains has provided new opportunities to identify mutations that allow enzootic variants to generate epizootic strains via small numbers of mutations. 12, 21, 22 To exploit these opportunities, a small animal model for equine disease that responds differentially to enzootic versus epizootic VEEV strains was used. Mice and hamsters are equally susceptible to enzootic and epizootic strains and have uniformly fatal disease following peripheral infection with subtype IC and ID strains. 12 Guinea pigs, the best model identified to date, have more variable susceptibility to fatal VEE, and survive infection with enzootic strains longer than infection with epizootic, subtype IAB and IC variants. 20, 23, 24 They have served as a model for preliminary VEEV pathogenesis studies because 1) equine virulence of VEEV strains correlates to some degree with virulence in guinea pigs; 2) in contrast to horses, guinea pigs of known exposure history (e.g., unvaccinated) are available; 3) experiments with guinea pigs are safer to perform than those with equines in Animal Biosafety Level-3 (ABSL-3) containment; and 4) equine experiments with sufficient numbers to obtain statistically significant data are extremely costly. Guinea pigs have been used previously to map virulence determinants of epizootic strains to structural and nonstructural protein genes.
To determine the role of the envelope glycoprotein genes versus non-envelope proteins and sequences in VEE pathogenesis, we created reciprocal epizootic IC/enzootic ID chimeric viruses and tested them in the guinea pig model. Our results demonstrate the importance of both envelope and non-envelope genes and/or cis-acting elements in the epizootic-specific pathogenesis in guinea pigs.
MATERIALS AND METHODS
Cell cultures. Vero and baby hamster kidney (BHK) cells were obtained from the American Type Culture Collection (Manassas, VA). They were propagated in Eagle's minimal essential medium (MEM) supplemented with 5% fetal bovine serum (FBS), and gentamicin (10 g/mL).
Plasmids. Recombinant plasmids encoding cDNA copies of the genomes of relevant epizootic and enzootic VEEV strains were constructed and described previously. 22, 25 The epizootic VEEV subtype IC strain 3908 was isolated from the blood of a febrile human patient during an epidemic in Zulia State, Venezuela on September 16, 1995. 5 It was passaged only once in C6/36 cells before cDNA clone (pM1-3908) production. 25 Enzootic VEEV subtype ID strain ZPC 738 was isolated from a sentinel hamster on September 24, 1997, in Zulia State, Venezuela, 21 and was subjected to one passage in Vero cells prior to cDNA clone (pM1-738) construction. 22 Chimeras ( Figure 1 ) were generated by reciprocal replacement of the cDNA fragments located between Afl II and Snab I restriction enzyme sites. The final plasmids contained an SP6 promoter, a 5Ј-untranslated region (UTR), nsP1-4, a subgenomic 26S promoter, and 3Ј-UTR sequences of the backbone virus; the last 111 amino acids in the capsid, the complete PE2 and 6K genes, and the first 108 amino acids of the E1 gene were derived from the heterologous virus strain to generate chimeras. The replacement of the desired genome regions was confirmed via sequencing.
In vitro transcriptions and transformations. Plasmid DNA from chimeric clones pM1-738/3908-PE2 and pM1-3908/738-PE2 was linearized with Not I and Mlu I restriction enzymes (New England Biolabs, Beverly, MA), respectively, and RNA was transcribed in the presence of m 7 G(5Ј)ppp(5Ј)A cap analog (New England Biolabs) with SP6 RNA polymerase (Invitrogen, Carlsbad, CA), followed by electroporation of BHK-21 cells. Viruses were harvested 24 hour after electroporation, aliquoted, and titered. Viruses generated by electroporation were used without additional cell passage.
Infectious center assay. Immediately after electroporation with 1 g of transcribed RNA, BHK-21 cells were diluted 10 1 -,10 2 -, 10 3 -, and 10 4 -fold in MEM supplemented with 5% FBS and seeded on Vero cell monolayers. After a one-hour incubation at 37°C, cells were covered with MEM containing 1.0% Noble agar (Sigma, St. Louis, MO) and incubated for 48 hours at 37°C, followed by fixation with 10% formaldehyde, and staining with a 20% methanol, 0.25% crystal violet solution. In vitro synthesized RNA from the Sindbis virus infectious clone, pTOTO 1101, 26 was used as a positive control to compare the efficiency of electroporation and virus recovery.
Analysis of virus replication in vitro. Vero cells were used to measure viral replication rates of parental and chimeric rescued viruses. Cells from the same passage were seeded into 12-well tissue culture plates and infected at a multiplicity of infection (MOI) of 1.0 plaque-forming units (PFU)/cell. Plates were incubated at 37°C for one hour, then washed three times with phosphate-buffered saline (PBS), followed by the addition of 1 mL of MEM containing 2% FBS. A sample of the supernatant was immediately collected (zero time point) followed by incubation at 37°C for 42 hours. Additional aliquots for virus titration were collected at 6, 10, 24, and 42 hours post-infection.
Plaque size assay. Vero cells were seeded into six-well Costar plates (Corning, Corning, NY) and allowed to grow to confluency. Serial 10-fold dilutions of virus in MEM supplemented with 1% FBS were adsorbed to the monolayers for one hour at 37°C. A 2-mL overlay consisting of MEM with 2% Noble agar (Sigma) was added to each well, and the cells were incubated at 37°C for 48-72 hours. Agar was removed and the cells were fixed with 10% formaldehyde and stained with a 20% methanol, 0.25% crystal violet solution. The diameters of 20 plaques were measured for determination of average plaque size.
Immunofluorescence. Immunofluorescence using monoclonal antibodies (MAbs) recognizing specific epitopes within the E2 envelope glycoprotein was performed as described previously. 27 The MAb 1A1B-9 is specific for enzootic VEEV strains including subtype ID, but does not react with epizootic subtype IC viruses; conversely, MAb 1A3A-5 binds to IC FIGURE 1. Schematic representation of parental infectious clones of Venezuelan equine encephalitis virus and reciprocal envelope chimeras. Envelope chimeras were generated via restriction digestion of parental clones with Afl II and Snab I at genomic nucleotide positions 8031 and 10298, and contain the last 111 amino acids in the capsid (C), the complete envelope precursor (PE2) and 6K genes, and the first 108 amino acids of the envelope (E1) gene of the epizootic parent in the backbone of the enzootic parent and vice versa. ns ‫ס‬ nonstructural.
viruses, but not ID viruses. Vero cell monolayers prepared on cover slips in 12-well plates were infected with 1,000 PFU of parental and chimeric viruses for 12-24 hours, and fixed with 85% ice-cold acetone at 4°C. The MAbs were diluted 1:400 and incubated for one hour at 37°C with acetone-fixed monolayers. After washing, cells were stained with a secondary goat anti-mouse antibody (diluted 1:1000) for one hour at 37°C, conjugated to fluorescein isothiocyanate (Sigma), and visualized with a fluorescent microscope.
Hemagglutination (HA) assays. The HA activity of viruses rescued from parental and chimeric cDNA clones was determined as described previously. 28 Briefly, an identical amount (PFU) of each virus was resuspended in saline (pH 9.0). The ability of serial dilutions of the extracted virus to agglutinate goose red blood cells at pH 6.0-7.0 was then determined.
Infection of guinea pigs. Ten to 11-week-old female outbred guinea pigs (Hartley) were obtained from Harlan (Indianapolis, IN). Animals were maintained on guinea pig chow (LabDiet 5025; Purina Mills, LLC, St. Louis, MO) and allowed to acclimate to the ABSL-3 laboratory for one week prior to subcutaneous infection with 1,000 PFU of parental and chimeric VEEV strains in the right medial thigh. Animals were observed twice a day for signs of infection; average survival time (AST) was determined. Guinea pigs were bled daily from the saphenous vein; viremia was determined via plaque assay on Vero cells.
Pathology. Tissue samples, including the brain, bone marrow, draining lymph node, and spleen, were collected at 24 and 48 hours after inoculation for virus detection and/or histology. Following anesthesia, animals were perfused with PBS and tissue samples were either homogenized and frozen or fixed in 4% buffered formalin for 24 hours, and stored in 70% ethanol for 12 hours. Tissue samples for histologic examination were then embedded in paraffin, sectioned (5 m), and mounted on slides. After staining with hematoxylin and eosin, slides were examined by light microscopy. Organs for infectious virus assay were dissected, weighed, homogenized (except bone marrow samples, which were only diluted) as 10-50% suspensions in MEM, and stored at -80°C until titration by plaque assay.
Statistical analysis. One-way analysis of variance with the Mann-Whitney multiple comparisons test and the KruskalWallis multiple comparisons test were performed for AST and plaque sizes, respectively. The Mann-Whitney multiple comparisons test was performed for viral tissue titers.
RESULTS

Parental and chimeric infectious clones.
The epizootic subtype IC virus rescued from the pM1-3908 cDNA clone, produced after a single C6/36 passage of the field-isolated virus, is indistinguishable from the parent virus in mice 29 and is highly pathogenic for equines; experimental infection of horses with this virus resulted in high-titered viremia and encephalitis (Bowen R, Colorado State University, Fort Collins, CO, unpublished data). The enzootic ID virus rescued from the pM1-738 cDNA clone, made from the closely related enzootic strain ZPC738, is indistinguishable from the parent virus in vitro and in vivo. 25 The parent ZPC738 strain 12 and virus rescued from the infectious clone (Bowen R, unpublished data) are also apathogenic for equines. There are approximately 1% amino acid sequence differences between the two parental viruses (Table 1) .
Genetic studies with subtype IC VEEV strain SH3, which was responsible for a small epizootic in 1992 and its close enzootic relative, subtype ID VEEV strain 66637, have suggested that mutations in the E2 envelope glycoprotein, which increase its positive charge, can generate an epizootic-like serotype and plaque phenotype from an enzootic progenitor. 21, 29 Similar E2 mutations were associated with the emergence of VEEV in Mexico in 1993 and 1996. 29 Therefore, we sought to determine the role of the envelope glycoproteins, particularly E2, in the 1995 emergence of epizootic VEE. Chimeric VEEV strains were designed to distinguish between the effects on the development of the epizootic phenotype of (Figure 1 ). This structural gene region encoded a total of seven amino acids that differ between strains 3908 and ZPC738: six in the PE2 envelope glycoprotein precursor gene and one in the E1 glycoprotein. In particular, the E2 E201K and T213K differences were identified via phylogenetic analyses as strongly associated with epizootic emergence. 29 Two additional amino acid differences located in the C-terminus of the E1 gene, one of which is conservative and the other which lies within the transmembrane domain and is probably unrelated to virulence, were not predicted to be important for emergence of strain 3908 (i.e., these amino acid residues are found in some enzootic strains) and were therefore not included in our swapped region ( Table 1) .
The RNA derived from in vitro transcription from both chimeric cDNA clones demonstrated comparable infectivity to parental and Sindbis control (Toto1101) RNA in the infectious center assay. Both chimeras produced approximately 5 log 10 infectious centers per microgram of RNA compared with 5, 5.5, and 4 log 10 for the epizootic, enzootic and Sindbis control, respectively. This indicated that no deleterious errors were inadvertently introduced into the chimeric clones and no compensatory mutations were required for their viability.
In Vero cells, strain 3908 virus exhibited faster replication at the early time points examined, with cell culture supernatant titers approximately 2 log 10 PFU/ml higher than the enzootic and chimeric infectious clones after 6-10 hours of infection. However, virus from all clones replicated to similar final titers (Figure 2 ). Strain ZPC738 and the chimeric viruses produced similar replication kinetics in Vero cells at the same MOI.
In vitro markers. Martin and others 30 used plaque size on Vero cells overlaid with unpurified agar as a marker of the epidemiologic phenotype of VEEV strains, and previous work in our laboratory has confirmed the usefulness of this simple in vitro marker. 20, 21 In this study, the epizootic infectious clone virus 3908 produced smaller plaques (mean ± SD plaque diameter ‫ס‬ 1.0 ± 0.2 mm) compared with the enzootic ZPC738 strain (3.6 ± 0.4 mm; P < 0.001). The mean plaque diameters of the reciprocal envelope chimeras were intermediate. Replacement of the envelope gene region in the strain ZPC738 with the epizootic gene (ZPC738/3908-PE2 chimera) significantly reduced the mean ± SD plaque size to 2.6 ± 0.3 (P < 0.01), compared with the enzootic parent. The reciprocal chimera (3908/ZPC738-PE2) generated by replacing the epizootic envelope with that from the enzootic strain resulted in a mean ± SD plaque size of 2.5 ± 0.3 mm that was significantly larger than the epizootic parent (P < 0.001) and smaller (P < 0.001) compared with the enzootic parent, indicating that both PE2 and non-PE2 genome regions determine plaque size. Plaque size on Vero cells overlaid with unpurified agar is thought to be determined by interactions of positive charge E2 glycoprotein-residues on the surface of the virion with polyanions in the agar. 29 Our results indicate that residues within the non-envelope regions effect plaque size by an unknown mechanism, possibly related to viral replication efficiency. Parental and chimeric viruses produced from the cDNA clones reacted as expected in immunofluorescence assays using MAbs. Positive staining was detected in strain 3908-infected Vero cells using the 1A3A-5 (IAB/IC epizooticspecific) MAb, but not the enzootic-specific 1A1B-9 MAb; the ZPC738 virus-infected cells reacted only with the IAIB-9 MAb. Antigenicity of the envelope chimeras was specific to the PE2 gene of the parent donor, with the ZPC738/3908-PE2 showing epizootic-specific reactivity and 3908/ZPC738-PE2 chimera reacting only with the enzootic-specific MAb.
Comparisons of infectious virus titers and HA activity. To ensure that comparative pathogenesis studies were not influenced by differences in the plaque-forming efficiency of the VEEV strains and variants tested, we used both infectious and non-infectious assays to quantify the amount of virus used for guinea pig inoculations. Equal PFU amounts (approximately 7.4-7.5 log 10 ) of infectious virus exhibited similar HA activity, a measure of the total quantity of envelope proteins in the virus preparations. Parental and chimeric viruses agglutinated red blood cells at the same pH (6.4) with identical titers (1:32). These data indicated that all viruses produced from cDNA clones had comparable particle:PFU ratios.
Guinea pig virulence. Ten-to eleven-week-old female outbred guinea pigs, six per virus, were infected subcutaneously with 1,000 PFU of parental and chimeric viruses. Experimental infections resulted in 100% mortality regardless of the virus strain used ( Figure 3 and Table 2 ); however, guinea pigs infected with the parental viruses experienced different pathogenesis. Strain 3908-infected guinea pigs developed high FIGURE 2. Analysis of chimeric virus replication in Vero cells. Vero cells were infected with virus produced from the 3908, ZPC738, ZPC738/3908-PE2, and 3908/ZPC738-PE2 cDNA clones at a multiplicity of infection of 1.0 plaque-forming units (PFU)/cell. At the indicated times, aliquots were collected and virus titers were determined by plaque assay. The epizootic parent (3908) had a mean ± SD plaque diameter of 1.0 ± 0.2 mm, which was significantly smaller than that of the enzootic parent (ZPC738) (3.6 ± 0.4 mm), while the mean ± SD diameters of the two chimeric viruses were intermediate (2.6 ± 0.3 mm and 2.5 ± 0.3 mm) for ZPC738/3908-PE2 and 3908/ZPC738-PE2, respectively. titered viremia (see below) and extensive viral replication in various tissues (see below), followed by a shock-like death characterized by hypothermia, renal, hepatic and intestinal congestion as well as pulmonary edema and alveolar hemorrhages (mean ± SD AST ‫ס‬ 2.9 ± 0.6 days; other data not shown). Conversely, strain ZPC738-infected animals developed lower levels of viremia, neurologic disease, and experienced prolonged survival (mean ± SD AST ‫ס‬ 5.5 ± 1.0 days). Both chimeric strains generated intermediate survival times; guinea pigs infected with the chimeric virus containing epizootic nonstructural proteins and the enzootic PE2-E1 region exhibited an AST that was longer but not significantly different from those infected with the epizootic strain 3908 ( Table  2 ). The introduction of the PE2-E1 region of epizootic origin into the enzootic backbone also resulted in a shorter but not a significant change in AST from the enzootic strain. Animals infected with the chimera containing the epizootic PE2-E1 in the enzootic backbone (ZPC738/3908-PE2) developed neurologic symptoms previously described for animals infected with the enzootic strain, rather than the shock-like syndrome characteristic of epizootic strain infection. These results strongly suggested that non-envelope genes affect guinea pig virulence.
In vivo replication. Guinea pigs, six per virus, were bled daily for three days for viremia determination ( Figure 4) ; blood collection at later times was precluded by the mortality caused by some strains. All animals developed peak viremia approximately 48-hours post-infection. By 24-hours postinfection, epizootic strain 3908-infected guinea pigs developed a viremia that was approximately 2 log 10 PFU/mL higher than enzootic strain ZPC738-infected animals; this difference was maintained throughout the three days assayed. By 72-hours post-infection, viremia in ZPC738-infected guinea pigs was decreasing, while it remained high in animals infected with the epizootic strain and both chimeras. The chimeras generated viremia levels intermediate between the two parental viruses, and both envelope and non-envelope genes appeared to determine viremia magnitude.
Evaluation of VEEV titers in tissues showed marked differences between parent and chimeric virus strains. Following infection, four animals per virus strain were killed daily to study early VEEV dissemination. Brains, bone marrow (titration only), draining lymph nodes, and spleens were collected at 24 and 48 hours after infection for titration and histology. Twenty-four-hours post-infection, epizootic strain 3908 replicated to higher titers within these tissues compared with the enzootic virus ZPC738 (Table 3 ). The chimeric viruses exhibited less efficient replication during the first 24 hours, and the strain containing the envelope genes from the enzootic strain (3908/ZPC738-PE2) produced significantly lower viral replication in the bone marrow, draining lymph node and spleen (P ‫ס‬ 0.03), compared with the epizootic parent. The chimera containing the epizootic envelope genes replicated consistently to higher titers than the reciprocal chimera, and to significantly higher titers in the draining lymph node and the spleen (P ‫ס‬ 0.03), compared with the enzootic parent. By 48-hours post-infection, there were similar titers of virus in TABLE 2 Survival time of guinea pigs infected with parental and chimeric viruses Virus strain Mean ± SD survival time (days) P value compared to strain 3908 † P value compared to strain ZPC738 † 3908 2.9 ± 0.6 NA* < 0.001 ZPC738 5.5 ± 1.0 < 0.001 NA ZPC738/3908-PE2 4.4 ± 0.9 < 0.05 < 0.05 3908/ZPC738-PE2 3.4 ± 0.5 > 0.05 < 0.001 * NA ‫ס‬ not applicable. † Preliminary analysis with one-way analysis of variance demonstrated a statistically significant difference in average survival time overall (P < 0.001). The Mann-Whitney multiple comparisons test (P values shown above) was used to investigate differences among strains. FIGURE 3. Mean ± SD average survival time (AST) and mortality of guinea pigs infected with parental and chimeric viruses. Infected guinea pigs were checked twice a day for signs of morbidity and or mortality. Infection resulted in 100% mortality regardless of the virus strain used. However, animals infected with the epizootic parent had an AST of 2.9 ± 0.6, which was significantly lower than those infected with the enzootic parent (5.5 ± 1.0), while animals infected with the chimeric viruses had intermediate ASTs (4.4 ± 0.9 and 3.4 ± 0.5) with ZPC738/3908 PE2-E1 and 3908/ZPC738 PE2-E1, respectively. FIGURE 4. Viremia in guinea pigs infected with Venezuelan equine encephalitis virus strains. Following infection, guinea pigs were bled once a day from the saphenous vein for three days. Serum was separated from whole blood and titered as outlined in the Materials and Methods. PFU ‫ס‬ plaque-forming units.
the lymph node, bone marrow, and spleen for 3908, ZPC738/ 3908-PE2, and 3908/ZPC738-PE2-infected animals. Titers in the brain were approximately 1-2 logs higher for 3908 compared with ZPC738 and the envelope chimeras. In summary, both tissue tropism and replication levels differed in parent viruses and were differentially altered in the chimeras.
There was destruction of lymphoid tissue in the spleens and draining lymph nodes of all animals (parental viruses, Figure  5 ). In general, the first lesions were detected in the lymphoid tissue, where large amounts of necrosis and depletion of lymphoid cells were present through days 1-3 post-infection.
However, on day 3 the spleen was highly congested and depleted of lymphoid cells in animals infected with strains 3908 and 3908/ZPC738-PE2, which did not survive long enough to show the potential for recovery of this tissue. In some of these animals, we also detected bacterial invasion of the liver associated with focal necrosis that is commonly seen following lymphoid depletion. However, no specific bacterial staining was performed to identify the bacteria. All of these animals also developed alveolar lung edema.
In contrast to the epizootic and 3908/ZPC738-PE2 strains, ZPC738-and ZPC738/3908-PE2-infected guinea pigs initially developed similar necrosis within lymphoid tissue. However, full recovery and even hyperplasia of the lymphoid tissue was detected prior to the development of the encephalitic phase. Neither lung edema nor liver necrosis was detected in these animals, but periportal infiltration of mononuclear cells in the liver and generalized meningoencephalitis was present at the point of the death.
These results indicate the importance of nonstructural proteins of epizootic origin in the development of the peracute, virus-induced, shock-like death in guinea pigs.
DISCUSSION
During the past decade VEE epizootics/epidemics have affected hundred of thousands of humans and equines, and recent epizootics highlight their continued threat of emergence. Additionally, these viruses are potential biologic weapons because they are readily available in nature, relatively easy to manipulate, highly infectious by aerosol, and can cause a debilitating, sometimes fatal illness. 8 Phylogenetic evidence supports the origins and emergence of epizootic VEEV strains from enzootic subtype ID progenitors. However, the molecular mechanism(s) and determinants of equine amplification responsible for epidemics remain enigmatic. Epizootic VEEV strains are equine-virulent, and infection of horses results in high-level viremia, lymphopenia associated with necrosis of lymphoid tissue, and fatal encephalitis. 13 Enzootic VEEV strains are rarely associated with clinical disease in infected equines. However, seroconversion occurs, indicating their ability to productively infect horses. 12 Laboratory mice, the most widely used animal model for VEE, 12, 17, 31, 32 develop a biphasic disease characterized by early replication in the periphery, culminating in central nervous system invasion, an inflammatory response within the brain, and death from encephalitis. However, mice are unsuitable for studies of VEEV epizootic potential because they do not reproduce the equine virulence and viremia phenotypes characteristic of enzootic versus epizootic strains. 12 Hamsters also suffer fatal disease due to both enzootic and epizootic strains, and they die of septic shock, which is preventable by antibiotic treatment, prior to the development of encephalitis. 33, 34 In contrast, guinea pigs respond with different disease manifestations after infection with epizootic versus enzootic strains, as reflected by different pathologic changes and survival times. Infection with the epizootic 3908 strain was characterized by replication in lymphoid and neuronal tissues, depletion of lymphoid cells in the spleen, and shock-like death before the development of clinical encephalitis. This disease was similar to VEE in hamsters, which die 2-3 days after infection with the development of septic-like shock due to extensive damage of lymphoid tissues associated with ulcerations of the gut and bacteremia. 35, 36 Infection with epizootic strains, such as 3908 used in our study, produce similar pathology and identical survival time as described in hamsters.
Although detailed clinical and pathologic studies on guinea pig infections have not been reported, we speculate that the cause of guinea pig death was virus-initiated septic shock as a result of necrosis of lymphoid tissue. This speculation is further supported by the fact that our pathologic findings correlate with those described in hamsters. Additional experiments are needed to confirm this hypothesis. It should be noted, however, that the guinea pig model is imperfect because these animals, unlike equines, die following infection with some enzootic VEEV strains, including subtype ID variants that are believed to be the progenitors of epizootic strains. 37 Nevertheless, the significant differences in AST after infection with enzootic versus epizootic strains makes guinea pigs the only useful small animal identified to date for estimating equine amplification and virulence potential of natural VEEV isolates.
The epizootic phenotype of VEEV in equines also correlates with the selective lymphotropism and lymphopenia early in the disease. The VEEV strains that do not produce strong and extended lymphopenia and necrosis of lymphoid tissues in equines do not produce high viremia and are usually less virulent (Bowen R, Paessler S, unpublished data).
Previous studies have described genetic changes associated with attenuation of VEEV in vivo, such as mutations in the structural proteins or the 5Ј-UTR. These mutations have been identified either artificially through virus adaptation to replication in cell cultures 19 or through site-directed mutagenesis. 38 The main mechanisms suggested for this artificial attenuation are the enhanced affinity for heparan sulfate associated with faster clearance of the virus from tissues or blood, and/or higher susceptibility to interferon (IF)-type I antiviral activity as shown for the TC-83 vaccine strain. 19, 39 Grieder and others 40 showed that a single mutation in the E2 gene, resulting in the amino acid change of Glu to Lys at codon 76, is sufficient to restrict VEEV dissemination in a murine model.
While genetic determinants responsible for artificial attenuation of epizootic VEEV have been described, they are not related to the natural emergence of the epizootic phenotype. To better assess the role of mutations in the epizootic phenotype, we have begun exploiting the most closely related (Յ 1% sequence divergence) enzootic and epizootic VEEV strains isolated during our field studies. Here, we used recombinant genetics to create reciprocal chimeras between the epizootic strain 3908 (subtype IC) and the enzootic strain ZPC738 (subtype ID). Both chimeric VEE viruses were intermediate in their disease syndrome presentation, suggesting that both envelope glycoprotein and non-envelope mutations act in concert to generate the epizootic phenotype via their influences on pathogenesis. The envelope protein genes appeared to primarily influence 1) development of viremia levels and 2) the level of infection in lymphoid tissues, especially early in infection. However, the non-envelope and/or cisacting sequence elements of VEEV also played a role in viremia development, and depletion of lymphoid cells within lymphoid tissue. In addition, our data suggest that the nonenvelope genes were the sole determinants of average survival time.
Our data agree with recent studies performed with other alphaviruses. Sindbis virus neuroinvasiveness has been mapped to both the 5Ј UTR and the E2 protein. [41] [42] [43] Changes in Sindbis virus nsP2 lead to altered suppression/induction of IFN-type I production and virus attenuation in vivo and in vitro. 44 We also recently demonstrated the importance of the nonstructural proteins in attenuation of the SIN/83 chimeric SINV/VEEV candidate vaccine strain that, while replicating efficiently in vitro, is strongly attenuated in six-day-old mice after peripheral or intracranial inoculation. 45 Amino acid changes in several nonstructural proteins of Semliki Forest virus affect neurovirulence, [46] [47] [48] [49] as well as the structural proteins 49 including E2 protein. 50, 51 In summary, we have demonstrated experimentally the importance of both envelope and non-envelope sequences for VEEV pathogenesis in guinea pigs. The VEEV envelope proteins may be primarily responsible for the ability of the virus to bind to and infect lymphoid cells. However, the outcome of the infection within lymphoid tissues may also depend on non-envelope genome regions and their interaction with host factors. Further studies are underway to confirm our findings in equines and to map the individual genes responsible for the devastating replication within equine lymphoid tissues. 
